CdS nanoparticles were successfully synthesized using starch, amylopectin and maltodextrin, as a capping agent. Optical properties of the final products have been investigated by photoluminescence spectroscopy and Raman scattering. The atomic force microscopy gave a particle of an average size of approximately 6 nm. Our research reveals that all prepared sugar-quantum dot aqueous solutions were stable against precipitation during the time of their investigation and kept their stability for several months after it.
Introduction
Semiconductor quantum dots (QDs) have been the subject of great scientific and technological interest because of their remarkable optical and electronic properties, as well as potential for a wide range of applications [1] [2] [3] . Optical properties render QDs ideal fluorophores for ultrasensitive and multiplexing applications in cell and molecular biology as well in bioengineering [4, 5] . In 1998 two groups, one led by Alivisatos at UC-Berkeley and another led by Nie (Indiana University, Bloomington), simultaneously demonstrated that QD could be made soluble in water and could be conjugated with biological molecules [6, 7] .
One of the most popular choices of QDs materials is CdS. Cadmium sulfide is most often synthesized through the combination of cadmium and sulfur precursors in the presence of a QD-binding ligand that stabilizes the growing QD particles and prevents their aggregation into bulk semiconductors. In recent papers many suitable capping agents, with such saccharides, among them lactose, melibiose, maltotriose, chitosan and starch, have been studied to obtain CdS (QDs) [8] [9] [10] [11] [12] . A critical problem in the application of QD nanoparticles in biological labeling is related to their size stability upon aging [13] . For biological application, the QDs must be coated with a biocompatible polymer to improve photostability properties and minimize the toxic side effects. Moreover a large amount of literature that include the studies of optical properties of nanosized cadmium sulphide have been published by several groups, however there are only few reports on high stability of CdS (QDs) in air (Khanna et al. described synthesis and optical studies of CdS in N,N --dimetylformamide and in polymethylmethacrylate) [14] . * corresponding author; e-mail: I.Sergiel@wnb.uz.zgora.pl
The purpose of the present work is preparation of CdS nanoparticles using starch, amylopectin and maltodextrin as capping agents in aqueous solution and studying of their stability in air. In our research, these polysaccharides were selected as a protecting agent because they are renewable and they are a good dispersion medium to form stable CdS. Besides, many researchers have shown that hydroxyl groups of polysaccharides act as a passivation center for stabilization of the nanoparticles [11] . Our results clearly indicated, that the solutions of CdS (QDs) were reasonably stable in air. These particles should be good enough for useful applications. The obtained novel sugar-QDs (starch-QD, amylopectin-QD and maltodextrin-QD) is indeed a remarkable achievement of the present work.
Experimental procedures
Cadmium sulfide nanoparticles were prepared by mixing cadmium nitrate (Cd(NO 3 ) 2 ), potassium hydroxide (KOH), ammonium nitrate (NH 4 NO 3 ) and thiourea (CS(NH 2 ) 2 ). Soluble starch, amylopectin and maltodextrin were used as a capping agent. All reagents were of commercially available materials and were used as received. Deionized water (DI water) was used as the solvent. Polysaccharides capped nanoparticles were prepared through a modified process described in the literature [15] .
In this procedure 110 ml of DI water was mixed with 0.073 g of cadmium nitrate, 2.4 g of ammonia nitrate, 1.4 g of potassium hydroxide and 0.304 g of thiourea. The thiourea was added after 10 min since the beginning of the process. The mixture was stirred and heated at 80
Similar conditions were applied to starch, maltodextrin and amylopectin in 1 g/100 ml concentration. These solutions were slowly added into a flask. The mixture was kept at the temperature of 80 
Light Emission from CdS Quantum Dots Stabilized by Sugars
The photoluminescence spectra of clear solutions of CdS (QDs) were achieved using Perkin Elmer LS 55 fluorescence spectrophotometer with 350 nm excitation line. Raman spectra of the powder nanoparticles were recorded using a Raman FRA 106 spectrometer employing the 1060 nm line from Nd:YAG laser.
Atomic force microscopy (AFM) observation was conducted using AFM (NTEGRA, NT-MDT). The sample was dipping coated on the fresh-mica surface directly from the solution, and then measured by AFM in semicontact mode. The cantilever, that has been used here, has a constant force of 5.5 N/m, and frequency about 250 kHz, with a 10 nm diameter tip.
Results
We examined the emission spectra of starch-, maltodextrin-and amylopectin-CdS nanoparticles in aqueous solutions following 100 days of storage. The results are shown in Fig. 1A -C, respectively. As may be observed from these figures, aqueous solutions of CdS QDs were stable over a long period of time and showed no changes in optical properties. The aged samples indicated that the size of the sugar-QDs remained practically unaffected following storage. The figures show that at excitation wavelength at 350 nm, two emission bands (one peak at 495 nm indicates a particle size of about 6 nm [16, 17] and another at 520 nm) may be observed. Fu et al. have also reported two luminescence bands for CdS, i.e. blue and green [18] . The high intensity band at 495 nm is due to exciton recombination in the mostly delocalized states in nanocrystals (the band-edge emission) and low intensity peaks at 520 nm may result from recombination via surface-localized states (the trap-state emission) (Figs. 1 and 2 ) [19] . Fluorescence spectrum of amylopectin capped CdS shows two bands similarly as the spectra with starch and maltodextrin, but the position of the long wavelength band (Fig. 2) is red-shifted at deposition time (100 days). The reason for his effect might be a lower lying equilibrium excited state or higher FranckCondon ground state in the case of amylopectin capped CdS. In contrast, uncapped CdS in our samples also exhibit two bands around 490 nm and 530 nm (Fig. 2) , however, our spectral results show very weak deep trap-state emission and band-edge emission for bare CdS.
Kumar et al. showed that surface passivation removes the trap state, therefore, the density of trap state of capped CdS QDs should be lower than those of the uncapped samples; this is in agreement with our experimental results [20] .
In our case the hydroxyl groups act as passivation contacts for the stabilization of the CdS nanoparticles in the aqueous solution. The observed high stability is mainly due to the polyelectrolyte property of sugars.
Raman spectra of the starch and maltodextrin capped CdS nanoparticles are shown in Fig. 3A,B .
The spectrum of the starch capped CdS exhibits a peak at 300 cm −1 and its second harmonics around 600 cm −1 . These results remain in agreement with the Raman spectra from the literature [11, 21] .
For maltodextrin CdS nanoparticles, we found also two peaks characteristic for CdS-polysaccharides that are at 300 cm −1 and at 600 cm −1 .
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I. Sergiel et al. The Raman bands at 576, 478, and 440 cm −1 are attributed to the skeletal mode vibrations of the glucose pyranose ring [11] . Associating all those results, we can seen that the degree of polymerization in starch capped CdS-QDs is higher than in maltodextrin-CdS-QDs. Figure 4A ,B presents AFM images of starch-CdS and amylopectin-CdS nanoparticles. The estimated size of the nanoparticle of about 6 nm is similar to that obtained in PL experiments. 
Summary
In summary, we have successfully synthesized the novel cadmium sulfide nanoparticles using starch, maltodextrin, and amylopectin as capping agents. Moreover, the paper describes studies of optical properties of CdS nanoparticles. Our aqueous solutions of CdS QDs were stable over a long period of time and showed no significant change in optical properties even after a few months of exposure to the day light. The size of the particle was obtained from photoluminescence and AFM characteristics.
